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Abstract 14 
We studied the northern tip of the Austral-Magallanes basin in the Southern 15 
Patagonian Andes, between the Buenos Aires Lake and the Mayer River at 46º35' SL and 16 
48º35' SL, respectively. Proposed objectives were: i′ to differentiate Mesozoic-Cenozoic 17 
tectonostratigraphic units and, ii′ to characterize the different deformational events that 18 
took place in the area linked to a variable regional geodynamic context. Sandstones 19 
provenance analysis was performed on the Aptian - Albian compressive retroarc deposits 20 
and Cenozoic foreland deposits. Studied samples were classified using tectonic 21 
discrimination diagrams which show: i′ for Cretaceous rocks a dominant sediment source 22 
from a recycled orogen and, to a lesser extent, a dissected to transitional arc whereas ii′ 23 
the Cenozoic rocks show a magmatic arc provenance. According to the performed 24 
analyses, the evolution of the northern sector of the Austral-Magallanes basin is proposed 25 
to include four tectonostratigraphic units related to: i′ a Late Jurassic rift stage; ii′ a 26 
Berriasian  Barremian thermal subsidence stage; iii′ an Aptian  Albian compressive 27 















a time for compression and uplift, represented in the study zone by a 29 
paraconcordance/angular unconformity with an extended hiatus between 30 
Albian/Cenomanian rocks and the Eocene. 31 
 32 
Keywords: Southern Patagonian Andes, geodynamics, tectonostratigraphic units, 33 
sedimentary petrography, provenance analysis. 34 
 35 
1. Introduction 36 
Development of the Austral-Magallanes basin (Figure 1′ comprises Mesozoic-37 
Cenozoic tectonic stages related to the passage from an extensional rift and thermal 38 
subsidence stage towards a foreland basin during compressional conditions in the 39 
Southern Patagonian Andes (SPA′ in a subduction context (Wilson et al., 1991; Robbiano 40 
et al., 1996; Kraemer et al., 2002; Franzese et al., 2003; Rodríguez and Miller, 2005; 41 
Ghiglione et al., 2010; Richiano et al., 2012; Varela et al., 2012′.  42 
The extensional stage involves a Jurassic rift related to the Gondwana breakup 43 
(Uliana et al., 1989′ represented along the SPA by the volcanic and volcaniclastic rocks 44 
from El Quemado Complex (Pankhurst et al., 2000′, and an Early Cretaceous thermal 45 
subsidence period represented by the well-sorted quartz-rich Springhill Formation followed 46 
by off-shore to shallow marine sequences from Río Mayer Formation (Richiano et al, 2012; 47 
Richiano, 2014; Aramendía et al., 2018′. 48 
The change from thermal to tectonic subsidence occurred during the north to south 49 
diachronic onset of Andean uplift (Biddle et al., 1986; Ramos, 1989; Wilson, 1991; Fosdick 50 
et al., 2011′, and is characterized by the appearance of more proximal sequences on top 51 
of the mainly pelitic-marine Río Mayer Formation. While first coarse sedimentation 52 
representing the onset of foreland sedimentation in the studied northern Austral-53 
Magallanes basin consists of Aptian-Cenomanian continental sequences (Ghiglione et al., 54 
2015; Aramendía et al., 2018′, they are characterized by coarse-grained turbidites of late 55 
Albian-Cenomanian age in the southern sector (Figure 1; Kraemer and Riccardi, 1997; 56 















A pronounced N-S Late Cretaceous segmentation represented one of the most 58 
important environmental and paleogeographic changes from the Austral-Magallanes 59 
foreland basin perspective: Whereas the northern region was uplifted during the 60 
Cenomanian and exposed to erosion during the rest of the Late Cretaceous-Paleocene 61 
(Ronda et al., 2019′, a 5800 m-thick marine sequence was deposited towards the south 62 
(Ghiglione et al., 2009′. Eocene-Miocene Andean synorogenic sequences are unevenly 63 
distributed, mainly in the northernmost sector in Guadal depocenter (Flint et al., 1994; 64 
Encinas et al., 2018′, and in Río Turbio (Pearson et al., 2012; Fosdick et al., 2015′. The 65 
Miocene, on the other hand, represents a continuous depocenter along the SPA foothills. 66 
These Miocene units reach the maximum thickness of 1000 m near Buenos Aires Lake 67 
(Ugarte, 1956; Flint et al., 1994: Escosteguy et al., 2001; Escosteguy et al., 2003; Dal 68 
Molin and Colombo, 2003′ diminishing to the south and east (Escosteguy et al., 2003; 69 
Cuitiño and Scasso, 2010; Cuitiño et al., 2012; 2015; 2019′. 70 
From the stated above, two characteristics distinguish the northern depocenter of 71 
the Austral-Magallanes basin from other sectors of the basin: (1′ the earliest known 72 
foreland basin sediments for the onset of Andean deformation, Aptian-Albian in age; and 73 
(2′ a Cenomanian-early Eocene period of non-deposition and erosion.  74 
The aim of this work is to propose a consistent geodynamic model and definition of 75 
tectonostratigraphic stages representing these particularities. Summarized data from 76 
which our discussion and conclusions develops includes: sedimentary provenance 77 
analysis from detrital zircons (Ghiglione et al., 2015′ and sandstone petrography 78 
(Barberón et al., 2015′, sedimentary evolution (Cuitiño et al., 2012, 2015, 2019; 79 
Aramendía et al., 2018′, kinematic indicators from fault analysis (Lagabrielle et al., 2004; 80 
Diraison et al., 2000: Barberón et al., 2018′, along with available geophysics datasets 81 
(Aramendía et al., 2018′ and structural studies (Ronda et al., 2019; Ramos et al., 2019′. 82 
 83 
2. Stratigraphic framework 84 
A summary of the lithostratigraphic units for the studied area is presented in Figure 85 
2, along with the location of the studied sedimentary profiles (Figures 3 and 4′. The oldest 86 
exposed rocks are the metasediments of the Río Lácteo Formation (Bianchi, 1967′ of Late 87 















2006; Hervé et al., 2007; Calderón et al., 2016′. The metamorphic basement lays 89 
unconformably under the volcanosedimentary successions of the El Quemado Complex 90 
(Riccardi, 1971′. These rocks were dated at 157-153 Ma (Nullo et al., 1978; Ramos, 1981; 91 
Pankhurst et al., 2000; Iglesia Llanos et al., 2003′ and are related to the latest phase and 92 
the westernmost occurrence of the Jurassic silicic volcanism of Patagonia (stage V3 93 
according to Pankhurst et al., 2000; Figure 5 a-b′ 94 
The El Quemado Complex is overlain in erosive unconformity or paraconcordance 95 
by continental deposits, then followed by silicoclastic conglomerates and sandstones 96 
deposited in a marine shelf environment, both included within the Springhill Formation 97 
(Thomas, 1949′, of Berriasian-Valanginian age (Ramos, 1979′. The black marine shales of 98 
the Río Mayer Formation (Riccardi, 1971′, of Hauterivian-Barremian age, were deposited 99 
in a transitional contact over the Springhill Formation, during a thermal subsidence stage 100 
(Arbe, 1986′. In a transitional contact, deltaic deposits composed of green sandstones and 101 
shales are found, grouped in the Río Belgrano Formation (Ramos, 1979; Aguirre-Urreta 102 
and Ramos, 1981; Aramendía et al., 2018′ of Aptian age according to U-Pb dating on 103 
detrital zircons and tuffs (Ghiglione et al., 2015′. The Río Tarde Formation is overlaying, 104 
characterized by conglomerates and reddish sandstones in its lower member, interpreted 105 
as a high energy fluvial system (Arbe, 1986; Aramendía et al., 2018′. The upper member 106 
is dominated by reworked tuffs and sandstones deposited in a floodplain (Arbe, 1986′. The 107 
Late Cretaceous is scarcely represented in the study area and corresponds to reddish and 108 
whitish continental deposits of the Cardiel Formation restricted to the Cenomanian (Russo 109 
and Flores, 1972′. 110 
The Eocene Posadas Basalt (Ramos, 2005′ is assigned to the subduction of the 111 
Aluk-Farallon seismic ridge and the consequent development of an asthenospheric 112 
window between 53 and 43 Ma (Ramos and Kay, 1992; Ramos, 2005′. Eocene times are 113 
also represented by alkaline basic intrusions of the Río Carbón Essexite (Giacosa and 114 
Franchi, 2001′. Eocene sedimentary successions include metric-thick mudstones beds 115 
interbedded with centimetric-thick coal layers of the Río Lista Formation (Giacosa and 116 
Franchi, 2001′. This sedimentary unit represents a continental paleoenvironment with 117 
numerous marshy deposits (Giacosa and Franchi, 2001′. 118 
Miocene sedimentation in the Austral-Magallanes basin initiates with an Atlantic 119 















are assigned to El Chacay Formation in Posadas Lake area (Chiesa and Camacho, 1995; 121 
Parras et al., 2012; Cuitiño et al., 2015; 2019′. Sedimentological studies by Cuitiño and 122 
Scasso (2010′ near Estancia 25 de Mayo in the southern coast of Lago Argentino, 123 
redefined marine Patagonian beds, grouping these marine deposits in the Estancia 25 de 124 
Mayo Formation. In the rest of the basin Miocene s marine invasion is known as Centinela 125 
Formation (Escosteguy et al., 2003′. Overlying in transitional contact sandstones, 126 
mudstones and conglomerates continental deposits develop, assigned to the Santa Cruz 127 
Formation and the equivalent Río Zeballos Group in the Buenos Aires Lake area (Ugarte, 128 
1956; Zambrano and Urien, 1970′. The Neogene sedimentary succession is covered by 129 
late Miocene to Quaternary lava flows of the Meseta Lago Buenos Aires Formation (Sinito, 130 
1980; Ramos and Kay, 1992; Gorring et al., 1997; Ton-That et al., 1999; Kay et al., 2002′ 131 
and the equivalent Belgrano Basalt (Riggi, 1957′. Quaternary units are developed in the 132 
piedmont with glacial, fluvial, lacustrine and alluvial deposits (Giacosa and Franchi, 2001; 133 
Panza, 2002; Escosteguy et al., 2003; Figure 2′.  134 
Following, we describe the sedimentary lithostratigraphic units where the 135 
provenance analyses were made, taking into account the lithology and thickness obtained 136 
on the sedimentary profiles (Figure 3′ and the sedimentary environment. An important 137 
notice is that Springhill and Cardiel formations are scattered units, and are absent in our 138 
profiles. 139 
 140 
2.1 Río Mayer Formation 141 
The Río Mayer Formation is lithologically characterized by laminated black shales 142 
and very fine- to fine-grained sandstones interbedded with levels of fossil-rich sandstones 143 
with concretions (Figure 3′. The top sector of each analyzed stratigraphic section is 144 
dominated by heterolithic stratification. 145 
The registered thickness increased from north to south. In the western area of 146 
Posadas Lake (Figure 2′ is around 80 meters (Figure 3′, while for the Belgrano Lake area 147 
is 210 meters. Farther south, between the San Martín and Viedma lakes, the Río Mayer 148 
Formation is thicker, reaching 700 to 1000 meters (Riccardi, 1971; Nullo et al., 1999′. 149 
This unit is interpreted as deposited in an inner marine platform passage to a 150 















arrangements representing a clear transition from marine to a transitional deltaic 152 
environment (Figure 3′. To the south of the Austral-Magallanes basin, in outcrops located 153 
between San Martin and Argentino lakes, Richiano et al. (2012′ identified three sections: 154 
(i′ a lower section that corresponds to an external platform marine environment, (ii′ a 155 
middle section with an external platform marine environment with deltaic influence, and (iii′ 156 
an upper section that belongs to prodelta facies. 157 
  158 
2.2 Río Belgrano Formation 159 
The Río Belgrano Formation is composed mainly of green and gray color fine- to 160 
medium-grained sandstones, with thin pelitic intercalations and calcareous concretions 161 
levels. The middle part presents gray and black siltstones, and the section culminates with 162 
sandstones (Figure 3′. 163 
The Río Oro section (Figure 3′ registered 40 meters of fine- to medium-grained 164 
greenish color sandstones interbedded with fine-grained conglomerates. In the Belgrano 165 
river (Figure 2′, 117 meters of Río Belgrano Formation were measured, while in the 166 
Estancia Los Ñires and Arroyo Potranquitas (Figures 2 and 3′ it reaches only 45 meters 167 
(Relañez, 2014; Ronda, 2015′. The Río Belgrano Formation is interpreted as deposited in 168 
a wave dominated deltaic paleoenvironment where a delta front facies and a delta plain 169 
facies are recognized (Arbe, 2002′. The medium-grained sandstones represent the 170 
continuity of the marine regression that begins with the upper section of the Río Mayer 171 
Formation in the Posadas Lake area. The stratigraphic relation between Río Belgrano and 172 
the underlying Río Mayer formation is pointing out the paleoenvironmental shift from an 173 
external shelf to a transitional environment close to the coastline (Aramendía et al., 2018′. 174 
This unit represents a particular regression of the northern sector of the Austral-175 
Magallanes basin, developed from Pueyrredón Lake to the Arroyo Potranquitas to the 176 
south (Figure 3′.  177 
 178 
2.3 Río Tarde Formation 179 
This lithostratigraphic unit is subdivided in two members (Ramos, 1979′. The lower 180 















coarse- to very coarse-grained sandstones, with silicified wood remains towards the top as 182 
observed in the Río Oro profile (Figure 3′. The sedimentary beds commonly present 183 
trough and planar cross-bedding, some siltstones beds are interbedded and contain wood 184 
remains. The medium-grained clast-supported conglomerates represent amalgamated 185 
channels that reach 25 meters thick (Aramendía et al., 2018′. Amalgamated 186 
conglomeradic channels are also interbedded with coarse- to very coarse-grained 187 
sandstones. The upper member is characterized by medium- to coarse grained 188 
sandstones with an important pyroclastic component. The upper member is more 189 
widespread and thicker in comparison with the lower member. 190 
The thickness of the lower member varies between 55 and 93 meters around 191 
Posadas-Pueyrredón lakes (Ramos, 1979; Homovc, 1980; Cataldi, 2017′. Better 192 
exposures for the upper member, between 320 and 356 meters are recorded along the 193 
Posadas and Belgrano lakes (Figure 5c; Ramos, 1979; Homovc, 1980′. 194 
The two members of the Río Tarde Formation represent two different fluvial 195 
paleoenvironments. The lower member of the Río Tarde Formation is interpreted as 196 
deposited by fluvial systems (Ramos, 1979; Arbe, 1986; Giacosa and Franchi, 2001′. 197 
Aramendía et al. (2018′ indicated that the presence of trough and planar cross-bedding 198 
structures could be associated with gravel bars in a braided fluvial system with scarce 199 
preservation of the floodplain. On the other hand, the rocks of the upper member 200 
correspond to floodplain deposits containing ash fall and lapilli (Figure 5c; Giacosa and 201 
Franchi, 2001; Cataldi, 2017′. 202 
 203 
2.4 Kachaike Formation 204 
The Kachaike Formation consists of brown, medium- to coarse-grained tuffaceous 205 
sandstones with coal remains. Theses beds bear petrified trunks up to 1 meter in diameter 206 
and well-preserved fronds. In Estancia Los Ñires and Arroyo Potranquitas sections (Figure 207 
3′ the tuffaceous sandstones are interbedded with medium-grained sandstones with 208 
ammonites and bivalves. Levels of medium- to fine-grained gray tuffaceous sandstones 209 
reach-up 0.5-meter-thick, occasionally interbedded with reddish-brown sabulitic-grained 210 















sandstones are recognized and are characterized by pink colors subangular clasts with 212 
coal remains. 213 
This unit is laterally correlated with the upper member of the Río Tarde Formation, 214 
based mainly on the lithology and stratigraphic relations (Ramos, 1979′. The sedimentary 215 
environment interpreted by Rebasa (1982′ consists of a deltaic paleoenvironment with 216 
deltaic plain at the base shifting to prodelta shales towards the top. 217 
 218 
2.5 El Chacay Formation 219 
The El Chacay Formation in the Río Belgrano section (Figure 4′ initiates with 220 
massive fine  to medium-grained conglomerates composed of clasts of the Posadas 221 
Basalt. Overlying these conglomerates medium- to coarse-grained sandstones are often 222 
characterized by the presence of oysters, pectinids, bryozoans, brachiopods, 223 
echinoderms, turritellids. To the top of the succession structureless mudstones dominate 224 
and are interbedded with fine- to medium- grained sandstones with current ripple 225 
lamination. Below the transitional contact to the Santa Cruz Formation some different 226 
heterolithic bedding patterns arrangement (lenticular, wavy and flaser′ are recognized. 227 
The thickness registered west of Posadas Lake is 130 meters (Giacosa and 228 
Franchi, 2001; Vittore, 2002; Cuitiño et al., 2015′, and almost 270 meters in Río Belgrano 229 
section (Figure 4′. 230 
This unit represents the first marine transgression of the Atlantic Ocean that 231 
reached the cordilleran sector in the early Miocene (Cuitiño and Scasso, 2010′. Cuitiño et 232 
al. (2015′ interpreted a shallow marine environment dominated by tides that grades into an 233 
estuarine system with wave and fluvial influence that evidences a general transgressive-234 
regressive cycle. 235 
 236 
2.6 Santa Cruz Formation 237 
The Santa Cruz Formation is distinguished on the field by their dark reddish color 238 
mudstones interbedded with medium-grained sandstones and siltstones (Figures 4 and 239 















thick (Homovc, 1980; Ramos, 1979; Blisniuk et al., 2005′. Two sectors could be identified: 241 
i′ structureless to laminated mudstones basal sector and ii′ trough cross-bedded to 242 
horizontal stratification medium- to coarse-grained sandstones interbedded with 243 
structureless to horizontal laminated siltstones topping the whole section. 244 
The Santa Cruz Formation is considered an equivalent to the Río Zeballos Group 245 
defined by Ugarte, 1956 in Buenos Aires Lake area. Río Zeballos Group includes all 246 
continental Miocene deposits represented by the Río Jeinemeni, Cerro Boleadoras and 247 
Río Correntoso formations (Escosteguy et al., 2003′. The Río Zeballos Group is restricted 248 
to the area between the Buenos Aires and Posadas lakes (Figures 2 and 6′, while the 249 
Santa Cruz Formation extends south of the Austral-Magallanes Basin. Both units are 250 
interpreted to be synorogenic deposits (Ramos, 1989′. The sedimentation of the Santa 251 
Cruz Formation occurs in a fluvial system, with an important pyroclastic participation 252 
toward the south (Cuitiño et al., 2019′. The continental coarsening upwards trend of the 253 
Santa Cruz Formation and the equivalent Río Zeballos Group is representing the 254 
regression of the early Miocene marine transgression related to the consequent Andean 255 
uplift westward. 256 
 257 
 3. Provenance analyses 258 
 We analyzed a total of 59 sandstones distributed in five stratigraphic sections 259 
(Figure 3′, denominated from north to south (Figure 3′: Río Oro, Veranada de Gómez, Río 260 
Belgrano, Estancia Los Ñires and Arroyo Potranquitas. Sandstones samples were 261 
classified based on their modal composition and linked to a regional tectonic context 262 
through ternary diagrams of tectonic discrimination (Dickinson and Suczek, 1979; 263 
Dickinson et al., 1983; Ingersoll et al., 1984′. The reader is referred to Barberón et al. 264 
(2015′ for more details in the methods and sample´s details, while a summary of the 265 
results follows, including additional samples and associations distinguished in groups 266 
according to the modal components. 267 
Local pre-Cretaceous sources include Paleozoic rocks of Río Lácteo Formation 268 
and the Jurassic El Quemado Complex. In the case of a possible contribution from the 269 
Deseado Massif (Figure 1′, lithological studies and detailed petrography were obtained 270 















abundant population. They were grouped according to each formation, in order to obtain 272 
an average value (Table 1′.  273 
An important scattering of the analyzed samples was obtained in Cretaceous rocks, 274 
while Cenozoic rocks resulted in a defined and bounded field, along with a low standard 275 
deviation (Figure 7′. Several associations were distinguished according to the modal 276 
components: Groups A, B and C were identified taking into account the different 277 
proportions of minerals (Figure 7b; Table 1′. These associations did not necessarily 278 
correspond to the same lithostratigraphic unit since the dispersion, in the case of the 279 
Cretaceous units analyzed, is significant. 280 
In Group A Quartz is predominant, lithic fragments are found in a lesser proportion, 281 
and feldspars are scarce. Most of the samples from Río Mayer and Río Belgrano 282 
formations have preponderant metamorphic and sedimentary lithics, and are assembled in 283 
Group A (Figure 7b′. Metamorphic lithics are composed of polycrystalline quartz and 284 
metaquartzite, and occasionally lithoclasts with lepidoblastic texture are recognized. This 285 
suggests a major contribution of metasedimentary basement rocks, while a volcanic input, 286 
even present, is subordinate (Figure 8′. 287 
Group B presents a proportional ratio of quartz-lithic fragments, while the 288 
proportion of feldspars is low. All the samples of the Río Tarde lower member and 289 
Kachaike formations are plotted in this field, indicating contribution of both, the basement 290 
source and the volcanic arc, in a variable range (Figure 7c′. This mixed contribution is 291 
reflected in the distribution within various fields, including those of transitional recycled 292 
orogen, dissected and transitional arc fields (Figures 7a, b and d′. This group includes 293 
some samples of Río Mayer and Río Belgrano formations, although a distinctive pattern 294 
overriding their distribution was not recognized. 295 
Group C, which characterizes the Cenozoic record, is the most defined association, 296 
included within the transitional arc field. It comprises mostly lithic fragments and feldspars 297 
of the plagioclase type (Figures 7a, b and c′, and low monocrystalline quartz content 298 
(Figures 7c and d′. The volcanic lithics are the main lithologic type of fragments (Figure 8′.  299 
The average detrital modes for the Río Mayer and Río Belgrano formations are 300 
very close, with Qm58F7Lt35 and Qm48F11Lt41, respectively (Table 1; Figure7′. For the Río 301 















Miocene record the ratio between quartz and feldspars was inverted and the total lithic 303 
fragment content seemed slightly increased obtaining a mode of Qm18F38Lt44. 304 
Lower Cretaceous rocks present 50% of monocrystalline quartz, with values of 305 
lithic fragments not exceeding 40% and feldspars close to the remaining 10%. Towards 306 
the top of the Lower Cretaceous units, the proportion of monocrystalline quartz decreases, 307 
relatively increasing the proportion of lithics, and slightly increasing the number of 308 
feldspars (Figure 7d′. For the Cenozoic rocks, the lithic and feldspar fragments are 309 
dominant with respect to the quartz (Figure 7d′. 310 
 311 
4. Tectonostratigraphic units 312 
Combining the analysis of the lithostratigraphic units, the recognition of bounding 313 
discontinuities and unconformities, petrographic and provenance studies (Barberón et al., 314 
2015; Ghiglione et al., 2015′, and the information previously obtained on the brittle 315 
deformation and structural data (Aramendía et al., 2018; Barberón et al., 2018′, we 316 
propose a new geodynamic evolution model for the northern sector of the SPA as 317 
synthesized in Figure 9. For further detailed information on structural domains and their 318 
evolution the reader is referred to Ronda et al. (2019′ and Ramos et al. (2019′. 319 
 320 
4.1 Rift stage 321 
This rift stage involves a basal lithostratigraphic unit named El Bello Formation 322 
(Escosteguy et al., 2014′ composed of conglomerates and sandstones of 323 
metasedimentary basement source (Figure 10a′. The Jurassic volcanism follows, 324 
constituting the main syntectonic infill of grabens and halfgrabens. These extensional 325 
structures are ~N-S oriented, showing an E-W to NE-SW direction of extension (Figures 326 
5a and 10a; Ramos, 1979; Sruoga et al., 2010′. Furthermore, a Jurassic transtensional 327 
component is proposed by Sruoga et al. (2010′, at Sierra Colorada area (Figure 2′. 328 
The upper stratigraphic relations of this unit are variable, with transitional to sharp 329 
contacts, and concordance, paraconcordance, angular or erosive unconformities (Riccardi 330 
and Rolleri, 1980; Kraemer and Riccardi, 1997; Arbe, 2002; Etcheverría and Escosteguy, 331 















extensional structures, related to the rift system. This explains why in the flexural margins 333 
a paraconcordance with the uppermost units is registered, while an angular unconformity 334 
in the active margins of the halfgrabens is produced (Kraemer and Riccardi, 1997; Nullo et 335 
al., 1999′.  336 
The age of the extensional event is constrained between 157 and 153 Ma in the 337 
studied northern SPA. However, it is important to notice that stretching lasted longer in the 338 
southern SPA, where it continued until ~120 Ma, affecting up to Springhill and Río Mayer 339 
formations (Kraemer and Riccardi, 1997; Zerfass et al., 2017′. Magnitude of extension was 340 
also increasing towards the SW, developing quasi-oceanic crust in the Rocas Verdes 341 
basin along the Pacific archipelago (Calderón et al., 2007, 2012, 2013′.  342 
Implications for a shorter extensional phase in the northern SPA, exhibiting less 343 
extension, contribute to paleogeographic effects in the ensuing retroarc basin: an early 344 
continentalization in the northern zone because the continental crust was less attenuated, 345 
and a quick response to the Aptian-Albian compression producing immediate uplift and 346 
migration of the orogenic front toward the east. 347 
 348 
4.2 Thermal subsidence stage (sag′ 349 
Clastic sedimentation in the Austral-Magallanes basin begins with the Springhill 350 
Formation, including continental facies at its base, followed by marine deposits (Richiano 351 
et al., 2016′. The initial transgression is Tithonian at Argentino Lake area (Blasco et al., 352 
1979′, but reached in the Berriasian-Valanginian the Posadas-Pueyrredon Lakes (Figure 353 
10 b; Riccardi and Rolleri, 1980; Aguirre-Urreta and Ramos, 1981′.  354 
The major expansion of the basin took place with the black shales from Río Mayer 355 
Formation (Figure 10 c; Arbe, 1989, 2002′, during the Barremian (Nullo et al., 1999′. 356 
Uplifted areas surrounding the marine basin were the SPA to the west, Aysén basin to the 357 
north, and the Deseado massif to the NE-E (Aguirre-Urreta and Ramos, 1981; Arbe, 1986, 358 
2002′.  359 
Sandstones petrography analysis of the Río Mayer Formation shows typically low-360 
grade metamorphic clasts, which could have come from the Deseado Massif (Figure 1′, 361 















2019′. The basement outcrops located in the western part of the Deseado Massif belong 363 
to La Modesta Formation (Moreira et al., 2005, 2013′, from the Silurian-Devonian. Since 364 
the basement of the SPA is always covered by the Jurassic (e.g. Figure 5a; Suarez et al., 365 
2019′, and there is a lacking evidence for uplift and stratigraphic unroofing at this time, we 366 
consider that it did not contribute to a significant amount of basement sources. 367 
As for the volcanic fragments, they correspond to acidic compositions and could be 368 
associated with contributions from the Chon Aike Formation distributed in the Deseado 369 
Massif, or linked to El Quemado Complex in the SPA. Both units are petrographically 370 
similar, only differing in their geochemical composition (Pankhurst et al., 1998, 2000′.  371 
There is a significant spatial-temporal variation between the northern and southern 372 
SPA sectors of the basin in the sag stage. In the north, the Río Mayer Formation has a 373 
thickness of between 200 to 500 meters, with a Hauterivian-Barremian fossil age (Pöthe 374 
de Baldis, 1981; Ramos, 1982′. In contrast, the southern outcrops register more than 700 375 
meters and the age is up to Albian (Riccardi, 1971; Arbe and Hechem, 1984; Richiano et 376 
al., 2012; Zerfass et al., 2017′. 377 
From a deformational point of view, this stage presents an important 378 
paleobathimetric component controlled by the thermal subsidence postdating Jurassic 379 
rifting, which could have enhanced the flexural response as proposed by Giacosa et al. 380 
(2012′, before the tectonic load of high surrounding blocks (Ghiglione et al., 2015′.  381 
 382 
4.3 Compressive retroarc stage 383 
There is an important Aptian change in sedimentation and paleobathymetric 384 
conditions with the onset of littoral and deltaic deposits of Río Belgrano Formation, which 385 
comprises the beginning of a regressive system (Figure 10d′. U-Pb detrital zircons ages 386 
yielded a maximum depositional age of 122 Ma for the Río Belgrano Formation and the 387 
lower member of the Río Tarde Formation in the Posadas Lake area (Figure 2; Ghiglione 388 
et al., 2015′.   389 
The Río Belgrano Formation represents a destructive deltaic environment with 390 
dominant wave action (Arbe, 1986′ with the transitional passage from a marine 391 















(Aramendía et al., 2018′. The progradation of this system was from E to W and ENE to 393 
WSW, considering a paleoshoreline oriented NNW (Figures 10d and 10e, Aguirre-Urreta 394 
and Ramos, 1981′. The following, lower member of the Río Tarde Formation, on the other 395 
hand, has been interpreted as a continental high energy fluvial system with intercalated 396 
floodplain deposits (Giacosa and Franchi, 2001; Escosteguy et al., 2003; Figure 10e′. 397 
The distribution of the U-Pb detrital zircon ages indicates a main contribution of the 398 
Jurassic volcanic stage V1 located in the North Patagonian massif and V2 from the 399 
Deseado massif, while there is a lack of ages from the El Quemado complex (V3′ 400 
outcropping along the SPA. There are basement ages from Triassic, Paleozoic, 401 
Neoproterozoic and Mesoproterozoic (Ghiglione et al., 2015′. The sandstones of Río 402 
Belgrano Formation plot close to the apex of the monocrystalline quartz, depicting maturity 403 
and stability which is interpreted as coming from continental blocks. There is also a 404 
subordinate volcanic source according to the petrographic analyses. This source could 405 
have had the same origin as the underlying Río Mayer Formation, specifically in relation to 406 
the Jurassic volcanic rocks. It is then proposed that the main contribution came from 407 
elevated areas of the Deseado Massif to the east (Figure 1′.  408 
For Kachaike/Río Tarde formations, the analyzed samples plotted between the 409 
recycled orogen and the dissected to transitional arc fields (Figures 7a, b, c and d; Table 410 
1′. We interpret a contribution from both the basement source and the volcanic arc. The 411 
upper member of the Río Tarde Formation was dated at 112 Ma through U-Pb zircon ages 412 
in tuff (Ghiglione et al., 2015′, and it allows its correlation with the generalized volcanism in 413 
Patagonia (Figure 10f′.  414 
The Late Cretaceous is only represented by fine-grained deposits with tuffaceous 415 
intercalations of the Cardiel Formation (Figure 10g′, and there is a hiatus in the 416 
sedimentation until the Eocene retroarc basalts (Figure 10h′. Furthermore, existing 417 
evidence points out to active Andean deformation during the Late Cretaceous (Aramendía 418 
et al., 2018; Gianni et al., 2018 a, b; Ronda et al., 2019′. This fact suggests that the area 419 
was probably a positive element since the Cenomanian (Ghiglione et al., 2015′, and up to 420 
Eocene times.  421 
There is nearly no sedimentary record from the Cenomanian to the Paleogene 422 
(Ramos, 1979; Arbe, 1989; Giacosa and Franchi, 2001; Ghiglione et al., 2016′, suggesting 423 















This is an important issue, because it means that the northern sector was uplifted and 425 
acted as a major sedimentary source for the southern foreland basin depocenter beginning 426 
in Cenomanian time (Ronda et al., 2019′.  427 
The reasoning to explain this early uplift includes a regional tectonic framework and 428 
local-regional stratigraphic-structural considerations:  429 
By 115-112 Ma acceleration in the convergence rate between Farallón and South 430 
America plates led to subduction-related tectonic crustal shortening and thickening 431 
(Suárez et al., 2009; Somoza and Ghidella, 2012′. To the west of the Posadas Lake, 432 
contractional deformation is recognized, affecting the upper member of the Río Tarde 433 
Formation, with fault-propagation folds. Above, and in angular unconformity the Posadas 434 
Basalt and/or the El Chacay Formation are found in a subhorizontal position (Figures 5c 435 
and 10h; Suárez et al., 2000; Aramendía et al., 2018′. Given the broad hiatus represented 436 
by this unconformity (Cenomanian-Eocene; Figure 5c′, it is difficult to assign an age for the 437 
contractional deformation event that took place at some time during that interval. However, 438 
recently published anisotropy of magnetic susceptibility data (AMS′ revealed that the 439 
deposition of the units of the Aptian-Albian age occurred in a region very close to the 440 
orogenic front, possibly in an environment of wedge top depozone (Aramendía et al., 441 
2018′, together with the switch from Hauterivian-Barremian marine to Aptian-Cenomanian 442 
non-marine environments, suggest a regression due to tectonic causes (Aramendía et al., 443 
2018′.  444 
Kinematic reconstructed cross-sections of the area by Ronda et al. (2019′ also 445 
sustain the onset of contractional deformation and initial basin positive inversion during 446 
Cenomanian times. In agreement with these studies, the evidence compiled and 447 
presented in this work indicates that the study area constituted an elevated area after the 448 
Cenomanian, possibly due to an early tectonic crustal shortening and thickening related to 449 
Andean uplift. 450 
We propose that the folding affecting the Aptian to Cenomanian successions, very 451 
well represented in the outlet of the Furioso River and the SE wall of the Belgrano plateau, 452 
took place as part of a progress of the deformation that began in the Aptian-Albian when 453 
the continental synorogenic units are registered (Aramendía et al., 2018′, with the 454 















there is a significant expansion of the volcanism that ends during the uplift of this sector of 456 
the basin that stands as a positive element up to Eocene times.  457 
Additionally, it should be considered that in the southernmost sectors, where quasi-458 
oceanic crust developed in the Rocas Verdes basin, the closure of this remaining ocean 459 
before the latest Cretaceous at around of 80 Ma (Calderón et al., 2013′ delayed the onset 460 
of the most important deformation pulses in the continental areas immediately located to 461 
the east (Ronda et al., 2019′. 462 
 463 
5.4 Foreland stage 464 
By the Eocene (Figure 10h′, the retroarc volcanism of the Posadas Basalt is 465 
recorded in the SPA. This magmatism is considered a result of the collision of the Aluk-466 
Farallón seismic ridge, ca. 52 Ma at 46º SL (Aragón et al., 2013; Eagles and Jokat, 2014′.  467 
The Eocene-Miocene geodynamic scenario is characterized by oblique 468 
convergence of the Farallón and Nazca plates (Cande and Leslie, 1986; Pardo Casas and 469 
Molnar, 1987; Somoza and Ghidella, 2012′, that would have caused strike-slip 470 
deformation in the basement domain, which is comparable to the current dynamics in the 471 
Northern Patagonian Andes (Cembrano and Hervé, 1993; Rosenau et al., 2006; 472 
Cembrano and Lara, 2009; Georgieva et al., 2016′. 473 
In the Miocene a renewed foreland stage began with the Burdigalian marine 474 
deposits of El Chacay Formation (Cuitiño et al., 2015′. This unit represents the Neogene 475 
Atlantic Ocean ingression (Ramos, 1979; Chiesa and Camacho, 1995′ which advanced 476 
from the SE, continued to the W and NW (Cuitiño et al., 2015′. Afterwards, between 18 477 
and 15 Ma the progradation of continental deposits of the Santa Cruz Formation are 478 
associated with the sedimentary supply produced by the synchronous tectonic uplift and 479 
erosion of the Andes (Ramos, 1989; Thomson et al., 2001; Blisniuk et al., 2005; Cuitiño et 480 
al., 2015′. 481 
The results of petrographic sedimentary provenance in samples from these both 482 
units indicate a magmatic arc source, where lithic fragments and feldspar are predominant 483 
over the quartz content (Figures 7a, b and d′. Also, the monomineralic fraction is 484 















volcanic, lesser metamorphic (Figure 8′, along with scarce plutonic lithics. The samples 486 
exhibit several types of volcanic rock textures, both acidic and basic. For the early 487 
Miocene, a local contribution of the Posadas Basalt is inferred together with components 488 
derived from the magmatic arc located to the west. This stage corresponds to the 489 
Neogene foreland basin sensu stricto, receiving input from magmatic arc components to 490 
the west. 491 
The Miocene deformation is conditioned by dominant strike-slip deformation in the 492 
SPA during the oblique subduction prior to the collision of the mid-ocean ridge segments 493 
(Lagabrielle et al., 2007; Barberón et al., 2018′. Then, a brief extensional event registered 494 
by growth strata and kinematic indicators demonstrate an approximate E-W extension 495 
vector by the early Miocene (Figures 6a, 6c and 10i′. Subsequently, the Chile Oceanic 496 
Ridge moved towards the South American margin, triggering compression at the 497 
basement front (Lagabrielle et al., 2004′. The synsedimentary folds and faults outcropping 498 
along the south margin of the Jeinemeni River (Lagabrielle et al., 2004′, and covering 499 
normal faults at the base of the cliff, show a sudden passage from extension to contraction 500 
(Figures 6b-c-d and 10j′. These sequences are covered by the Cerro Boleadoras 501 
Formation, unit dated by U-Pb detrital zircon obtaining a maximum depositional age of 502 
16.4 Ma (Folguera et al., 2018′, and it does not show deformation, marking a contrast in a 503 
short period of time where synextensional deposits are followed by a major phase of 504 
thrusts. The geodynamic context during the middle Miocene presents a warm and young 505 
oceanic crust approach of the Chilean seismic ridge, that is, a subduction with positive 506 
buoyancy and low subduction angle, indicating an episode of higher coupling between the 507 
South American and Nazca plates (Barberón et al., 2018′.  508 
 509 
5. Concluding remarks 510 
Mesozoic-Cenozoic sedimentation, paleoenvironments, and paleogeography, along 511 
the Austral-Magallanes Basin, were strongly influenced by a N-S-oriented segmentation, 512 
inherited from the widespread Jurassic rifting. Thus, the northern depocenter develops as 513 
a narrow and thinner basin, while southward, the basin expands and reaches higher 514 
thicknesses of lithostratigraphic units. By using sandstone provenance as a proxy to 515 
unravel the tectonostratigraphic stages, together with available geochronological and 516 















sources for the northern depocenter of the Austral-Magallanes Basin may be delineated. 518 
We identified a major change in the provenance of the basin from recycled orogen for the 519 
Cretaceous rocks to a strong signal of magmatic arc provenance for the Cenozoic rocks. 520 
We defined a series of tectonostratigraphic stages since the opening of this sub-521 
Andean depocenter up to last Andean uplift in Miocene times. Thus, we propose to include 522 
four tectonostratigraphic units related to i′ Late Jurassic rift stage; ii′ Berriasian  523 
Barremian thermal subsidence stage; iii′ Aptian  Albian compressive retroarc stage; and 524 
iv′ Miocene foreland stage s.s. Strikingly, the Cenomanian-Eocene is not represented in 525 
the sedimentary record, depicting a major hiatus in this sector, due to its early uplift and 526 
erosion that sourced towards the southern depocenter.  527 
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Figure captions 879 
 880 
Figure 1: Regional location of the studied area of the SPA in Patagonia, main 881 
morphostructural units and plate s boundaries (based on Ghiglione et al. 2010 and 882 
references therein′. Convergence plate velocities based on De Mets et al. (1990′. Red star 883 
refers to the actual position of the Chile Triple Junction (CTJ′. References: LOFZ: Liquiñe-884 
Ofqui Fault Zone; MFF: Magallanes-Fagnano Fault; NRS: North Scotia Ridge; LBA: 885 
Buenos Aires Lake; LPo: Posadas-Pueyrredón Lake; LBe: Belgrano Lake; LCa: Cardiel 886 
Lake; LSM: San Martín Lake; LVi: Viedma Lake; LAr: Argentino Lake; UEs: Última 887 
Esperanza; RTu: Río Turbio; MEs: Magallanes Strait.  888 
 889 
Figure 2: Geological and structural map of the studied area, corresponding to the northern 890 
sector of the Austral basin and SPA. Modified from Panza et al. (2003′ and Ronda et al. 891 
(2019′. 892 
 893 
Figure 3: Sedimentological profiles, located from north to south (right to left′: Río Oro, 894 
Veranada de Gómez, Río Belgrano, Estancia Los Ñires and Arroyo Potranquitas (see 895 
location in Figure 2′. In dashed red line are indicated the boundaries between Early 896 
Cretaceous lithostratigraphic units. Profiles are vertically correlated according to the base 897 
of Río Belgrano Formation.  Grain size references above each profile: M: mudstone; mS: 898 
medium-grained sandstone; C: conglomerate. Kilometers above indicate the distance 899 
between each profile. 900 
  901 
Figure 4: Continuation of Río Belgrano section, integrated profile including the Posadas 902 
Basalt, El Chacay Formation and the base of the Santa Cruz Formation.    903 
 904 
Figure 5: (a′ View toward the north of the Uñas range (see Figure 2 for location′. 905 
Synextensional rocks of El Quemado Complex covering Río Lácteo Formation, that 906 















detail of west-dipping rocks of the El Quemado Complex which decrease their dip to the 908 
west.  (c′ Angular unconformity between the upper member (UM′ of Río Tarde Formation 909 
and El Chacay Formation. (d′ Miocene deposits in the Laguna La Oriental (Figure 2′. The 910 
transitional contact between El Chacay and Santa Cruz formations is in white dotted line. 911 
Santa Cruz Formation strata with a decreasing dip towards the east are interpreted to be 912 
affected by progressive discordances. 913 
 914 
Figure 6: (a′ Northern shore of Lincoln River (Figure 2′, where syntextensional growth 915 
strata were recognized within Río Jeinemeni Formation. The outcrop is approximately 100 916 
meters wide; (b′ Panoramic view toward the east of Cenozoic deposits in Jeinemeni River 917 
(Figure 2′. In the bottom rocks of Río Jeinemeni Formation and to the top rocks of Cerro 918 
Boleadoras Formation. (c′ Schematic evolution for the Miocene showing an extensional 919 
event in the lower Miocene and ensuing middle Miocene the main contractional phase. 920 
The extension is characterized by normal lystric faulting and synextensional growth strata. 921 
The stratigraphic colour code is the same as in Figure 2. (d′ Middle Miocene compression 922 
is evidenced by the synorogenic Cerro Boleadoras Formation.  923 
  924 
Figure 7: Ternary diagrams with the analyzed samples plotted by lithostratigraphic units 925 
and differentiated by the studied profiles: (a′ QFL diagram proposed by Dickinson et al. 926 
(1983′: Q: total quartz; F: feldspars; L: unstable lithics, (b′ QmFLt diagram proposed by 927 
Dickinson et al. (1983′: Qm: monocrystalline quartz; F: feldspars; Lt: total lithics. Groups A, 928 
B and C delimited (see text discussion′, (c′ Ternary monomineralic diagram QmPlgFk 929 
(Dickinson and Zucsek, 1979′:  Qm: monocrystalline quartz; Plg: plagioclase; Fk: 930 
potassium feldspar. (d′ Average values plotted in the ternary diagrams QFL. Samples 931 
discriminate by lithostratigraphics units, from Early Cretaceous on the left to early Miocene 932 
on the right diagram. Polygons represent their standard deviation; refer to Table 1 for data. 933 
 934 
Figure 8: S-N and vertical variation of lithic fragment composition within the analyzed 935 
















Figure 9: Synthesis of lithostratigraphic units and geological processes linked to the 938 
proposed tectonostratigraphic stages. References: (1′ Lagabrielle et al. (2004′; (2′ Ramos 939 
et al. (1982′, SPB: Southern Patagonian Batholith; (3′ Pankhurst et al. (2000′; (4′ Hervé et 940 
al. (2008′. Yellow star refers to the Farallón-Aluk ridge collision, and the red star refers to 941 
the Chile Oceanic Ridge (COR′ collision to the South America plate.  942 
 943 
Figure 10: (a′ to (g′ Block diagram showing the Mesozoic evolution of the northern end of 944 
the Austral basin for the (a′ Late Jurassic, (b′ Berriasian - Valanginian, (c′ Hauterivian  945 
Barremian, (d,e′ Aptian, (f′ Albian, and (g′ Cenomanian. DM: Deseado Massif.  946 
 947 
Figure 10 (continuation′: (h′ to (j′ Block diagram showing the Cenozoic evolution of the 948 
northern end of the Austral basin for the (h′ Eocene, (i′ early Miocene, and (j′ middle 949 
Miocene. 950 
  951 
Table 1: Average values plotted in the ternary diagrams, by stratigraphic units, with their 952 
standard deviation (SD′. Q: total quartz; F: feldspars; L: unstable lithics; Qm: 953 






















Formation   Q F L Qm F Lt 
Río Mayer  Average 60 7 33 58 7 35 





  Río Belgrano Average 51 11 38 48 11 41 





  Río Tarde/Kachaike Average 45 13 42 35 13 52 





  El Chacay/Santa Cruz Average 18 38 44 18 38 44 
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An integrate study allow us to unravel the different deformational events that 
took place in the area linked to variable regional geodynamic contexts. 
We propose an evolution model for the northern sector of the Southern 
Patagonian Andes and define four tectonostratigraphic stages. 
A major change in the provenance pattern is detected between Cretaceous 
and Cenozoic rocks. 
 
